In our model, intramolecular interactions are represented by a linear spring, and the electrokinetics of polymer molecules are mainly affected by external electric fields in liquids. In such a case, the behavior of particles can be expressed by an over-damped Langevin equation (1) (2) (3) :
where v i is the velocity of the ith particle, E = E z e z where E z is the electric field strength and e z is the unit vector in the z-direction, ξ is the friction coefficient of particle, u is the EOF velocity field that is treated as a field fixed in the space for the polymer translocation such that u(r) = u z (r)e z , −∇U i is the conservative force including interactions between particles, q is the electrical charge of 
where r ij is the distance between the two molecules, σ is the diameter, and ε LJ is the energy well-depth set to k B T. The coarse-grained molecule corresponds to 12 nucleotides (nt), which is determined by dividing the persistence length of 5.0 nm for ssDNA by 0.43 nm associated with the interval between nucleotides, holding the internal structure and properties of ssDNA (4) . U LJ was applied to non-adjacent molecules. For the purposes of volume exclusion, the potential was truncated at σ 6 2 = r to allow for purely repulsive interactions between the molecules. The repulsive force from the channel surface works only on the surface normal direction. Bonding between two consecutive molecules along the chain is given by (1-3)
where r eq is the equilibrium distance between the connected molecules and given by 5.0 nm. The spring constant is written by k = k B T/δ, and δ is caused by thermal fluctuations around the average and δ = 0.1σ is applied (1-3). The other parameter set employed in the present simulations was already published (1) . The friction coefficient ξ and effective bead charge q in Eq. S1 are evaluated referring to experimental data of diffusion coefficient D and electrophoretic mobility μ of ssDNA (5) .
In this study, we set T = 300 K and ε = 80.1 for aqueous solutions. Resulting from the relationship of ξ = k B T/ND and q = ξμ = μk B T/ND (5), both ξ and q are described as a function of N.
At the beginning of LD simulations, a polymer structure equilibrated in free solution is placed at the cylindrical nanochannel inlet apart from the distance of R g and forced to pass into the channel by applying a uniform electric field of E z = 1.0 × 10 5 V/m. Linear increase in the electrophoretic velocity to applied electric fields is also confirmed for the case of E z = 1.0 × 10 6 V/m. That is, the mobility is constant for each N. Based on this fact, we discuss the electrophoretic characteristics of ssDNA for the actual magnitude of the electric field. Entering the polymer into the nanochannel, its structure deforms and reaches a steady state during translocation in the cylindrical channel. This preliminary computation is carried out for each trial to determine the initial condition in the nanochannel. Based on previous studies (1-3), the time step of LD simulation is set to 1.0 ps, and the total computational time is 2.0 ms for each. The time step of 1.0 ps is constrained by both stability and accuracy, which was already verified in a previous study (1) . The analysis of the polymer transport is evaluated by at least 20 individual trials in all cases with different surface charges and ion concentrations.
Verification of the coarse-grained ssDNA model
The polymer transport properties, i.e., D, μ, and R g , were evaluated by performing the LD simulation in free solution as shown in Fig. S1 . D was determined from the Einstein relation calculating mean square displacements of the ssDNA and μ was directory analyzed from the simulations applying uniform electric fields to obtain the terminal velocity as a function of the electric field. R g was determined as ( ) Table 2 in the main text, appropriately determined q and ξ for a coarse-grained molecule resulted in the constant mobility of 3.0 × 10 −8 m 2 /Vs equivalent among each polymer length. These parameters for a coarse-grained molecule are suitable to define a building block of ssDNA. Thus, this model is valid to mimic various lengths of ssDNA, corresponding to from 60 to 600 nt.
In the simulation, the electric field in the nanochannel is assumed to be not altered by the presence of ssDNA. The charge density of ssDNA is calculated by: where N is the number of beads, q is the electrical charge of a bead, and r is the bead radius. The electrical charge density is defined by dividing the total charge of a polymer by the volume. The ρ of the ssDNA chain and for comparison, that of the monovalent electrolyte solution with the concentration of C are listed in Table S1 in , and 4 × 10 −4 M, the charge density of ssDNA bead is at least one order of magnitude larger or smaller than that of the electrolyte solution, except in the case of C = 2 × 10 −2 M. Thus, it is preferably assumed that the electrical charge of ssDNA is sufficiently screened and the presence of the DNA does not disturb the electric field in the nanochannel. Table S1 . Charge densities, ρ, of the electrolyte solution with C and ssDNA with the length N. 
Non-constant viscosity model
Taking into account the effect of velocity gradients due to highly concentrated ions near wall surfaces, the nanochannel is divided into two parts with respect to the radius r, such as the constant Additionally, the ζ potential of a channel surface causes to form an EDL and a non-uniform electric field E r along the r-axis, such that E r = −dϕ/dr. Based on previous theoretical studies (1,7), an electric field is independently separated into two components, such as E z and E r . Here, we assume E z is axially constant in the infinitely long narrow channel. Additionally, the pressure gradient along the z-axis is assumed to be negligibly small according to the conventional models of EOF (8) . The EOF velocity u z (r) varied along the radial direction can be written in the cylindrical coordinate system as follows: 
The concrete solution of Eq. S7 can be expressed according to the boundary conditions. In the CVL, the solution of Eq. S7 is expressed replacing η(r) by the constant viscosity η 0 . The solution is represented in the form as follows:
where C 1 is an integral constant determined later. On the other hand, in the NVL applying η(r) presented above (6), Eq. 5 is expressed as follows
To solve Eq. S9, Meijer G function is introduced (9) . 
and thus, the solution can be simplified, such that
where
� calculated by using Matlab ® libraries and α is an EOF velocity
. Based on the noslip boundary condition u z | r=a = 0, C 2 is determined and the solution results in
The velocity profile is continuous at r = b, such that
that leads to C 1 as follows:
Sorting out the equations above, the solution of EOF velocity profile in the whole nanochannel results in
EOF velocity profile with non-constant viscosity layer
Herein, the channel surface is positively or negatively polarized, controlling the ζ potential that is applied between −25 and 25 mV. Following a suggestion by Zhang et al. (10) The relationship between the high concentration in the EDL and the viscosity gradient has to be investigated in more detail from the viewpoint of molecular dynamics simulations in the future.
Results of the LD simulations with the non-constant viscosity layer
In the main text, we have carried out the simulation of ssDNA transport in the nanochannel in the presence of the non-constant viscosity layer. For the reference, the analysis of ssDNA mobility and deformation in the nanochannel with the non-constant viscosity layer is presented in Figs 
